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abstract 

Tlic primary aim of the efforts reported herein was verification of basic methods 
which are to be used in cataloging elastomer dynamic properties (stiffness and 
damping) in terms of viscoelastic model constants. These constants may then be 
used to predict dynamic properties for general elastomer shapes and operating 
conditions, thereby permitting optimum application of elastomers as energy ab- 
sorption and/or energy storage devices in the control of vibrations in a broad 
variety of applications. 

The efforts reported herein involved a (1) literature search; (2) the design, 
fabrication and use of a test rig for obtaining elastomer dynamic test data over 
a wide range of frequencies, amplitudes, and preloads; and < 3 ) the reduction of 
the test data, by means of a selected thne-element elastom-r model and specialized 
curve fitting techniques, to material properties. 


Material constants thus obtained have beer used to calculate stillness and damping 
for comparison with measured test data. These comparisons are excellent for a 
number of test conditions and only fair to poor for others. The results confirm 
the validity of the basic approach of the overall program and the mechanics of the 
cataloging procedure, and at the same time suggest areas in which refinements 
should be made . 
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S7MMAR' 

The objectives of this program are to catalog elastomer dynamic properties (stiff- 
ness and damping) in terms of viscoelastic model constants and to establish 
practical, designer -orient ed procedjres whereby these constants may be used to 
predict the dynamic properties for other elastomer shapes and operating condi- 
tions. Achievement of these objectives will permit the application of elastomers, 
on a firm engineering basis, as energy storage and/or energy dissipation devices 
for the control of vibrations in a broad variety of applications. 

The work reported herein ws3 undertaken to verify the basic methods for obtaining 
the viscoelastic model constants for elastomers In mis work, a survey of pub- 
lished literature was performed. This survey indicated that basic elastomer 
dynamic property data is rather sparse in terms of the parameter ranges covered. 

On the other hand, large volumes of test data are available for specific elastomer 
devices. Viscoelastic analytical procedures for predicting dynamic properties for 
general elastomer shapes and operating conditions are not found in the literature 
because of the level uf difficulty of obtaining general solution? to the governing 
equations . 

No te3t apparatus wa9 available for obtaining, over the range of frequencies 
amplitudes, and preloads expected to be encountered m typical engineering appli- 
cations, elastomer dynamic test data which could be used tc generate the material 
constants. Consequent ly , a test rig which utilizes the ba se-exc ita t ion , resonant- 
mass approach was designed^ built, and successfully used to obtain test data. 

This test rig is able to perform uniaxial tests on elastomer samples of a variety 
of sizes and shapes (test specimen cavity is a cylinder 5 in. (12.7 ;m> high by 5 j 
(12.7 cm) in diameter) over a frequency range from about 20-30 Hz to over 1000 :U . 
Variable resonance mass* which may be selected to match test elastomer properties, 
permits tests at virtually any reasonable dynamic amplitude at the resonance 
points, with correspondingly lower amplitudes at off-resonance conditions. Test 
amplitudes are limited primarily by elastomer properties (and of course shaker - 
power) rather than by the test rig itself. The test ri gj which may be driven by j 
any shaker, permits vibration test3 to be conducted with force preloads of up to 

i 

i 
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4100 pounds (IB, 200 n) applied to the test specimens, and can be readily adapted 
for constant temperature tests up to about ^00°F (205°C) . 

During the conduct of the work reported herein, tests were conducted on urethane 
and neoprene elastomer samples in the compression, shear, and combined compres- 
sion/shear modes. Each sample was composed of two paral lel-moun ted circular 
discs, each two inches (5 cm) in diameter by one-hal f - inch (1.27 cm) high. Tests 
were conducted at room tempera ture at a number of frequencies between about 25 
and 1000 Hz, at amplitudes of up to 0,005 inch (0,127 mm) (peak- to* peak) , and 
with compressive preloads of zero, five percent; and ten percent of free length. 
Elastomer and elastomer mount temperatures were recorded during the tests. 

Measured amplitudes and phase angles obtained during the tests were used to cal- 
culate complex compliances ac the test points. This data was then processed via 
curve-fitting and a selected three* element elastomer analytical model, to obtain 
the viscoelastic model constants. Through the use of these constants, measured 
test data could be reproduced, ana lyt ica lly , over wide frequency ranges for a 
number of test configurations. 

It is concluded that the results obtained confirm the validity of the basic 
approach of the program and the mechanics of cataloging viscoelastic model con- 
stants. Immediate attention may therefore be turned to: (1) refining the test 
rig and measurement system, including the addition of the capability of performing 
constant-temperature tests over a range of temperature levels; (2) evaluation of 
several other potentially useful elastomer analytical models; and (3) performance 
of elastomer dynamic tests at controlled temperatures. Final program efforts 
should then be directed at: (1) developing and verifying through tests, practical, 
designer-oriented methods for calculating elastomer dynamic properties for general 
shapes and operating conditions using the viscoelastic model constants; and (2) 
development of catalogs of viscoelastic model constants for commonly-used elastomers 
It may also prove beneficial to reduce the number of groups of viscoelastic model 
constants which must be cataloged through development of functional relationships 
with operating parameters (e.g., temperature) or through corresponding increases 
in the number of viscoelastic model constants. 


INTRODUCTION 


General Background 

Accurate knowledge of elastomer dynamic properties (stiffness and damping) is 
becoming increasingly important as elastomers are considered for use in increas- 
ingly difficult applications. Many such applications are costly to design and 
build, and rely heavily upon the properties of the elastomer elements. For in- 
stance, machinery rotors are being designed for higher and higher operating 
speeds, and are becoming lighter and more slender as engine weights and sizes 
decrease. The major result of these trends is that rotor operation is increas- 
ingly at speeds which lie above one or more rotor-bearing bending critical speeds. 
While good balancing is the key to overall good rotor behavior under such condi- 
tions, energy removal, via the use of materials such as elastomers, is required 
for control of vibration amplitudes in the vicinity of the critical speeds. 

Critical speeds may also be modified at the same time by the stiffness properties 
of the elastomer. 

A further example of the need for well-understood elastomer dynamic properties is 
that associated with the control of vibrations in power- transmission shafting, 
typified by helicopter main rotor synchronization and tail-rotoi drive shafts. 

In both of these cases, the shaft operating speeds would be above many bending 
critical speeds if the shafts could be supported by a single bearing at each end, 
incorporating elastomer damping elements. While the dynamic performance of such 
advanced designs cannot now be predicted analytically or optimized during design, 
their ultimate achievement would mean significant reductions in numbers of bearings, 
with accompanying savings in system cost and weight, and certainly increased re- 
liability. Availability of practical and effective elastomer damper designs for 
use in vibration energy removal, together with a practical and effective shaft 
balancing procedure, will greatly assist designers in progressing toward this 
goal . 

In addition to these examples, which are concerned primarily with rotating machine- 
ry, there are many other elastomer applications in which specified dynamic prop- 
erties may be required. These include for example: structural dampers, for use 
in reducing either stress levels for fatigue life purposes or amplitude levels 
for noise and comfort considerations; isolators, for use in packaging or in 



separating fragile equipment from harmful vibration or shock environments; and 
sandwich construe t ions in which the elastomer element may replace oscillatory- 
motion bearings. There are, of course, many additional app 1 ica t ions . 

In the above examples, effective and efficient design of the mechanical systems 
requires that the elastomer dynamic properties be available to the designer in 
analytical form such that he can select or design the proper elastomer configura- 
tion required in the particular application. 

Program Objectives 

Certain elastomer properties, such as bondability, resistance to abrasion and 
impact, and chemical reaction to various environments, are generally well under- 
stood with regard to engineering uses of elastomers. On the other hand, the 
capability do°s not presently exist for analytically designing an elastomer ele- 
ment to provide stiffness and damping which is of the accuracy required in many 
applications. Development of practical, designer-oriented techniques sufficient 
for this purpose is the major objective of this program. 

Although dynamic properties of sample elastomers may be found in various polymer 
and rubber journals in the literature, this data is somewhat sparse in that the 
desired properties are not always readily available to mechanical designers for 
the particular configuration, size, or operating condition desired. This is be- 
cause of the extreme variability of the dynamic properties with many of the design 
parameters, such as geometric configuration, loading, vibration frequency and 
temperature. Furthermore, existing elastomer test apparatuses are generally not 
fully suited for testing over all desired parameter combinations, particularly 
at high frequencies and amplitudes. Moreover, at the present time there is 
apparently no technical body, or combination of technical bodies charged with 
the generation and publication, in useful engineering form, of elastomer dynamic 
property data for newer elastomers on a standard basis. 

In current engineering practice, a tr ia 1-and-error approach to the design of 
elastomer elements is often taken. This approach commonly involves best estimates 
based on other designs, and often the building of a demonstration installation 
using several candidate elastomers in various configurations. Although such a 
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t r io l -and-error process often give. ; useful results, these may be costly and time- 
consuming to obtain, and may not always be the optimum design in each application. 
Successful and economically feasible use of elastomers in future engineering 
applications will require that elastomer dynamics technology be readily avail- 
able in a form which is practical and readily usable. Achievement of this result 
iB the ultimate goal of the present program, of which the efforts reported herein 
are an integral part. 

Engi nee r 1 r.g C onfig ur ations of Elastomers 

A great deal of published elastomer dynamic property data (stiffness and damping) 
has been obtained through tests of elastomer samples in the configurations shown 
below: 



(a) (b) 

Configuration (a) is most appropriate for obtaining compress ion- tens ion data, 
while (b) is most appropriate for obtaining she. r data. 

On the other hand, elastomers are often used in engineering applications in rota- 
ting machinery hardware in the following conf igurat ions : 



(c) (d) 


Configuration (c) is often used in conjunction with bearing supports or in a dis- 
tributed damping configuration, with loading along a diameter of the elastomer 
cylinder (the 2-2 axis). Configuration (d) is often used in power- transmission 
shaft dampers, mounted external to the shaft, with one face of the elastomer disc 




««d and .hear loading applied along other f . ce <thc Ma) load , n . of 
configure! ion (d) along the 2-2 a,!, ls co „ on In „ olat „ applicHona'of 

olo S l.»,or,. all ca,.-,, the application dynamic condition, ,„v„l„ c general,,, 

complex .hope, , trees, amplitude,. end temperature distribution, than 
those existing Ir, test sample, such as la) a„d (b> from which measured dynamic 
properties were obtained. Relating the two set, configure, ion, has proven to 
be an extremely difficult task, and one which has not yet been satisfactorily 
solved on a practical, engineering level. 

On the one hand, the applied mechanician may advocate a purely analytical treat- 
ment of the problem, based upon viscoelasticity theory. This approach, while 
most rigorous may become bogged down in details of stress distribution and those 
resul ting difficulties associated with relating stresses to overall body dynamic 
e.avior by integration of unit volume dynamic properties throughout the elastomer 

° y ' WMle tMS appr ° ach has not V et cached the design-engineer level of 
practicality, ft possesses the greatest long-term potential. 

On the other hand, the elastomer u = cr who must cope with existing vibration prob- 
without benefit of detailed viscoelastic theory has resorted to the expedient 
of measuring stiffness and damping of particular elastomers as functions of all 
pertinent parameters. Unfortunately, there are many such parameters, and while 
the catalog of dynamic properties thus obtained becomes almost endless, it never 
seems to contain data immediately a PP H ca ble to the particular application at hand, 

What is required, and what has in fact been undertaken in the program described 

herein, is the development of an elastomer dynamics technology bridge between these 

extreme positions. This bridge accounts for the variability of the dynami- 

properties with design and operating parameters on the one hand, and contains 

within it the mechanisms for moving toward the rigorous viscoelasticity solution 
in the future. 


Ba.lc vlecoelast Ic nodal constant a warn salactad a, fi.bla entltlas which 

COOM ba obtained th tough simple ,a«. and cataloged for range, of opar.tlng 

parameters . There con,, ant, will be ,houn to be Invariant with reaper, to fre- 

quenc However, they do depend on parameter, inch a, temperature, preload and 
elastomer conf iguration. 
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Ti.is report describes efforts directed at the verification of methods selected 
for obtaining the elastomer viscoelastic model constants. These efforts involved 
experimental measurement of elastomer dynamic characteristics through tests of 
elastomer samples of various configurations, the calculation of the viscoelastic 
model constants from these dynamic properties, and comparisons between measured 
dynamic characteristics and those calculated using the derived viscoelastic model 
constant s . 

In the program, a test rig was designed, fabricated and assembled for testing 
elastomer specimens in order to obtain their mechanical dynamic properties. 

This elastomer test rig, which is described in detail in a later section, uti- 
lizes the base-excitation resonance-mass approach and was designed to be mounted 
on an electrodynamic shaker which provides the input oscillations. The elastomer 
specimens tested were epoxied to a steel plate which was secured to the shake 
table. To the other side of the elastomer was epoxied a holder to which a 
resonant mass was attached. The size of this resonant mass was adjustable, and 
was selected based upon the frequency range at which the data were to be taken. 
Generally, data were taken at frequencies somewhat higher than the natural fre- 
quency of the e lastomer-resonance mass system. The resonant mass was variable 
between a minimum of 1.7 pounds (0.77 kg) and a maximum of approximately 485 
pounds (220 kg). Force prelead on elastomer specimens could be changed as 
desired by adjusting air pressure in loading cylinders on the test rig. Test 
amplitudes were limited only by elastomer failure limits (and shaker power) 
rather than by the test rig itself. 

Two elastomers, urethane and neoprene, were selected for test from among the 
many available. Six ( 6 ) samples, each composed of two discs 2 in. (5 cm) in 
diameter and 0.50 in. (1.27 cm) thick, were prepared and tested. These samples 
are denoted In following sections as the urethane compression sample, the urethane 
shear sample, the urethane compression/shear combination sample, the neoprene 
compression sample, the neoprene shear sample, and the neoprene compress ion/shear 
combination cample. Tests were performed over the frequency range of about 20- 
30 to 1000 Hz, with force preloads which produced compression of zero, five per- 
cent and ten percent of free length, and with peak-to-peak amplitudes up to 0.005 
in. (0.127 mm). Much higher vibration amplitudes were applied during preliminary 
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testing of the urethane comprejsion-tcnsion sample. These amplitudes, on the 
order of 0.015 to 0.020 in. (0.3 mm to 0.5 mm ) pcok-to-pcak at up to 1000 Hz, 
resulted in extreme temperature gradients within the samples, and rapid sample 
failure . 

At each of approximately 570 data points, vibration amplitudes and phase angles 
were recorded. From this data, elastomer stiffness and damping coefficients, and 
finally the complex compliance functions, wore calculated. The complex compliance 
functions were thus obtained for all test samples (except of course the urethane 
compression sample which failed), and were plotted versus frequency with force 
preload and vibration amplitude as parameters. Good complex compliance data 
(smooth curves and reasonable trends) were obtained for the urethane and neoprene 
shear samples, and for the neoprene compression sample. The complex compliance 
functions for both urethane and neoprene combined compressiun/shoar samples, 
however, showed considerable and apparently inconsistent variations with fre- 
quency over portions of the frequency range of interest. While some of this 
data, particularly in the frequency range between about 100-200 Hz and 500-600 
Hz, appear satisfactory, the functions were rm considered to be complete enough 
foi use in determining the viscoelastic model constants which are valid for the 
entire frequency range. Consequently, further reduction and curve fitting to 
obtain material property constants was not performed for these two sets of data. 

The viscoelastic model constants were obtained by curve- fitting the experi- 
mental. data for the urethane and neoprene shear samples, and for the neoprene 
compression sample by means of a three-element viscoelastic model. Satisfactory 
correlation between measured complex compliance functions and those calculated 
using the derived viscoelastic model constants was obtained over the entire fre- 
quency range for many of the reduced data cases, while less satisfactory correla- 
tion (in the case of the dissipation function) was obtained in other cases. 
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L ITERATURE SEARCH 

A considerable amount of research work has been done on elastomers at both the 
basic and applied levels, resulting in many papers and publications, and several 
textbooks. This work ranges from studies of the effects of elastomer composition 
and manufacturing procedures on properties, to development of several varieties 
of test rigs for experimentally determining the properties of various sample 
shapes and configurations under a number of operating conditions, and to develop- 
ment and proof-testing of elastomer components for engineering use in specific 
problem situations. In order that maximum attention might h ’ paid to previously 
published work, and that existing experience be brought to -he program wherever 
possible and appropriate, an effort was undertaken at th-t start of the herein- 
reported efforts to survey the existing literature 

Further, efforts were made to identify, through use of NASA and other information 
retrieval systems, other recent and current Government- supp .rted elastomer dynam- 
ics research efforts. This portion of th- literature s.arvo • led thus to contacts 
with, among others, personnel of the Strength and Dynamics branch, Metals and 
Ceramics Division, Air Force Materiel? Laboratory ( AFSC) , W-ight -Patterson Air 
Force Base, Ohio, who are concerned with -he use of clastomr materials for the 
control of structural component vibration levels Detailed discussions with 
these individuals indicated that the planned efforts would, as expected, provide 
very useful information to the Government provided proper coordination was made 
with other Government-sponsored efforts. Such coordination was effected through 
provision of regular reports to interested individuals and gencies, and discus- 
sion of program directions and results viih these individual as appropriate. 

Elastomer properties such as hardness, ilienre, strength hondability, and 
resistance to cold flow, tear, wear, and impact may vary widely depending upon 
the particular elastomer, its components, and the way it is processed. Literally 
thousands of combinations of properties may be achieved from the many natural and 
synthetic-base materials which are available (Refs 1 through 6 for instance). 

Elastomer dynamic properties (stiffness and damping) vary not only with respe. t 




to component elements and processing procedures, but also wUh respect to the 
operating conditions to which they arc exposed. Thus, mounting configuration, 
vibration frequency and amplitude, and above oil temperature and temperature 
gradient all are quantities which influence the dynamic properties. The net 
result of this large number of parameters is that dynamic properties have had to 
be determined through testing under conditions reasonably similar to those in 
which the elastomer element will actually be used. This has resulted <n the 
development of various types of test apparatus, each of which has advantages and 
disadvantages. Several of the more common types are discussed below. 

The torsion pendulum is a simple apparatus which utilizes the principle of decay 
of free vibration amplitude to measure the shear modulus and damping of an 
elastomer sample. In this test method, one end of the specimen is rigidly 
clamped. The other end of the specimen is attached to a member having known moment 
of inertia and which is free to oscillate. The pendulum is given an lntial 
motion and allowed to oscillate freely. From recorded values of oscillation 
frequency and the decrease in amplitude with time, the shear modulus and damping 
can be calculated (Refs. 7 and 8). This method is restricted to low- f requenc les 
(0.01 to 10Hz). 

The vibrating reed method (Refs. 9, 10 and 11) is a forced-vibration, resonance 
test apparatus. The test specimen is attached to a strip or reed which is clamped 
at one end and forced to vibrate transversely. As the frequency of the vibrations 
is changed, the amplitude of the free end of the reed will go through a maximum 
at the natural frequency of the reed. From the measured amp litude- frequency 
curve near the natural frequency, the dynamic moduli of the elastomer rpccimen 
can be computed. This apparatus covers the frequency range of 10 to 1000 Hz, 
but it is not suitable for high-damping elastomers. 

The forced-vibration method, utilizing both resonance and nonresonance operation, 
is the most satisfactory means for determining dynamic properties over c wide 
frequency range at constant temperature. The input in this method is forced 
sinusoidal oscillation of the elastomer support clement. The resulting motion 
of the mass supported across the elastomer (in terms of displacement, velocity, 
or acceleration) is measured at the respective frequency. From the measured 
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input and output signals and their relative phase, and known properties of the 
test hardware (mass, etc.), the dynamic properties can be calculated. Although 
the calculation required to obtain the dynamic properties is relatively more 
complicated than other methods, it can readily be done by computer The impor- 
tant thing is that the test is not critically dependent upon the resonant /re- 
qucncy of the system, although resonance may be required to achieve relatively 
high amplitudes. Therefore, the frequency of measurement can be changed over a 
range without major changes in the apparatus. For these reasons the test rig 
designed under this program and described below employed this method 

For elastomer dynamic property tests above about 10,000 Hz, the wave propagation 
method can be used (Refs 1, 12 and 38) In this method, the dynamic moduli are 
calculated from the measured velocity and attenuation of sound waves propagating 
inside a specimen 

Elastomer dynamic properties, obtained by various test methods for specified 
parameter ranges, are reported by many authors in the literature (Refs. 12 
through 32). A brief summary of elastomer elastic and damping properties, to- 
gether with a collection of references, are included in Reference 35 (pages 241- 
245). Nolle (Ref. 12), Hopkins (Ref. 14), Painter (Ref. 15), Philippoff (Ref. 

16), Fitzgerald, et al (Ref. 17), Kurath, et al (Ref. 25), and Yin and Pariser 
(Ref. 28 and 30) have tested a number of elastomers including natural rubber, 
butyl, hypalon, neoprene, polyvinylchloride, and poly isobutylene . Effects of 
frequency, temperature, preload, amplitude, and shape of test specimen on the 
dynamic properties were reported for limited parameter ranges. The equivalence 
of temperature and frequency on the dynamic moduli was reported in, among others, 
References 13 and 17 , It vjas not until 1954 that the method of reduced vari- 
ables was developed by Williams and Ferry (Ref 20). By this method, the dynam- 
ic moduli over a wide frequency range at some reference temperature can be used 
to determine the moduli at other temperatures. The effects of preload on dynam- 
ic moduli were studied by Nolle (Ref. 13). It was reported that the effect can- 
not generally be described in terms of any simple systematic shift of the modulus- 
frequency curve or the modulus- temperature curve. Considerable amplitude de- 
pendence of the dynamic moduli of carbon-black filled natural rubber vulcanized 
was reported in Reference 18. This amplitude dependence does not increase at 
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low temperatures. The large dynamic strain amplitude effect of a BTR elastomer, 
as reported by Painter (Ref. 22), is to decrease the dynamic elastic ' oduli; 
this effect is more profound at high frequency. 

The shape factor, which describes the discrepancy between the elastic modulus 
of an elastomer and the effective elastic modulus of a particular test specimen, 
was described in References 5, 6, 36 and 27. For a shear specimen, the shape 
factor is important only for thick specimens in which bending may occur in 
addition to simple shear deformation. 
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DESCRIPTION OF ELASTOMER TE ST RI G 

The elastomer tests described in this report were conducted in a test apparatus 
designed and built under this contract. This test rig was designed to impose 
precisely measured uniaxial vibration amplitudes upon a selected elastomer sample 
at desired test frequencies and under selected force preloads. The rig is copabl 
of testing, through the base-excitation resonance-mass technique, elastomer sampl 
of virtually any size and shape (test sample cavity is a cylinder approximately 5 
in. (12.7 cm) high by 5 in. (12.7 cm) in diameter) over a wide frequency range. 
Selection of the resonance mass to match elastomer sample properties oermits 
testing at very high amplitudes at resonance, with correspondingly lower amplitudi 
at off-resonance conditions. Test amplitudes are limited by elastomer capabiliti. 
end shaker input power rather than by the test rig itself. In the tests describe 
below, for instance, elastomer samplec consisting of two cylinders, each 0.50 in. 
(1.27 cm) thick by 2 in. (5 cm) in diameter were tested at maximum amplitudes of 
about 0.006 in. (0.152 mm) peak-to-peak at 1000 Hz, the equivalent of about 600 g 
on the resonance mass. Double amplitudes of up to about 0.020 in. (05 mm) were 
measured at lower frequencies. 


The test rig, which may be driven by any shaker device, permits force preloading 
of the elastomer samples and has been designed for future incorporation of vari- 
able test temperature hardware. The vibration input to the test rig in the tests 
described below was obtained from a commercially-avellable electromagnetic shaker 
system capable of delivering 15,000 lb (66,700 newton) force In the sinusoidal 
mode of vibration. 


Test Apparatus R equ irements 


The elastomer te9t rig had to meet five functional requirements: 

1. Very low residual damping. \ 

l 

2. A provision for holding the elastomer test material sample for tests in com- 
pression, shear, or any combination of the two conditions ! 

| 

3. A means for providing force preloading to the elastomer test sample in order 

to perform high preload vibration tests at high (resonance) frequencies. j 

J 
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4. An inertia mass loading of the elastomer test sample with weights ranging 
from 1.5 to 500 lb (0.68 to 227 kg) such that high amplitude tests could be 
conducted at resonance between about 30 Hz and 1000 Hz. 

5. A means for removing mass preload from the elastomer test sample in order to 
perform low preload vibration tests at low (resonance) frequencies. 

Achievement of these requirements was met through a test rig concept based upon 
a unidirectional vibrating mass-spring system, with the elastomer specimen rep- 
resented as an equivalent spring and damper system, with dynamic properties which 
change with test conditions. 

A schematic of the elastomer test rig is shown in Fig. 1 and a layout drawing of 
the same rig in Fig. 2. Figure 3 shows the complete rig mounted on the shake 
table. The amount of mass bonded to the elastomer specimen was varied to achieve 
near-resonant conditions of the spring-mass system such that useful test data 
could be obtained for frequencies ranging between 30 and 1000 Hz. More precisely, 
system resonant frequencies betweer 10 and 750 Hz were desired, because useful 
test data can generally be obtained in the frequency range of 1.2 to 3 times the 
system resonant frequency. For the spring stiffness values of the particular 
test materials considered for evaluation, together with the minimum practical 
mass (consisting of the top part of the test sample holder and the preload 
piston), a test specimen consisting of two discs each 2 in. (5 cm) in diameter 
and 0.50 in. (1.27 cm) thick was predicted to produce a spring-mass system with a 
resonant frequency of about 750 Hz. A mass of 500 lb (227 kg) was then required 
to produce the desired lower resonant frequencies between 10 and 30 rlz (mass- 
resonant frequency relationships for various stiffnesses of elastomer specimens 
will be discussed below under Description of Tests). 

Vibration system power capacity limited the vibration input amplitudes to the 
spring-mass system at the high frequencies. For high frequency testing the moving 
part of the test f ixture,consisting of specimen holder, preload cylinder and 
resonant mass, weighed approximately 55 lb (25 kg). Since the vibration table 
was capable of imparting an 85g acceleration to that mass, vibration input ampli- 
tudes (peak-to-peak) of slightly over 0.0015 in. (0.038 mm) could be obtained it 
1000 Hz, increasing to 0.003 in, (0.076' mm) for frequencies below 725 Hz. It 
should be noted here, however, that vibration table input amplitude was not the 
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U ‘ St P ' lra, " C ' t<r w,,lch wa!i specified for the tests Amplitude across Hit elastomer 
(relative amplitude between vibration table and resonance mass) was the parameter 
cotin oiled during the tests, which were conducted for relative amplitudes of 0.001 
(0 25 ), 0 001 5 (0 0 38 ) , 0.003 (0.076 ) and occasionally 0.00.5 in (0.127 mnt) . 
both the mass required for resonance and the achievable table 
amplitude increased proportionally to the inverse oi the square of the desiicd 
test frequency Since very large vibration table amplitudes were not required at 
lower frequencies, excess shake table capacity existed at the lower and medium 
lest frequencies. 


Xi c t K i V. Ncc l Min c ci 1 Dr i rn U 

The elastomer test discs were bonded to the supper t fixture surfaces The urethane 
Compression test specimens were bonded with CONAP AD1152* cured at 1J0°F (5/*°C) 
fur three minutes, while the remaining urethane specimens and aiL of the neoprene 
specimens were bonded with HYS0L AS7-4323?* cured for one-half hour at 140°F 
((>()°C ) plus 15 minutes at 325 F ( 162°C). The bonding material was changed 
alln softening was noted in the high-amplitude, high preload tests of the uro- 
H.ane shear sample On the vibration table input side, the test specimens were 
bonded to steel and on the macs side to titanium The bond failures referred to 
above, occurred only at the titanium side, which may simply have been a consequence 
oi the generally higher temperatures prevailing in the titanium due to its lower 
heat transfer capacities. The mounting configurations for ail test specimens arc 
shown in Figures 2 and 4 . 


Test specimen prcloading was achieved via an air cylinder located directly above 
Ihe elastomer and designed such that no external loading would he applied lo the 
lest rig frame The titanium piston was screwed to the upper- spec imen holding- 
phu- and sealed in the cylinder with two rolling diaphragm seals (Bellofram IC- 
600-37-FPJ and 3- l IV- U9-CBJ) . The air cylinder inlet hole was 0.030 in (0 762 
mm) in diameter, making the cylinder essentially a "closed" cavity under vibration 
conditions. Preload on the test specimen was maintained through regulation of air 


*C0NAP Incorporated, Allegheny, New York 
HysoL Division, the Dexter Corporation. 
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pressure in the cylinder. The preload provided was therefore of the constant 
load type. The elastomer deflections at five and ten percent preloads (0.025 in. 
(0.63 mm) and 0.050 in. (1.27 mm) deflection) ware obtained at ambient room 
temperature. 

Under vibration conditions, the compressibility of the air in the cylinder added 
a small but measurable stiffness to the system. This stiffness was included in 
Later calculations of elastomer properties. 

The resonance mass bonded to the top of the elastomer specimens was comprised of 
a number of elements. For high frequency tests, in which only a minimum of mass 
was required, the resonance mass could be reduced to the top plate of the specimen 
holder and the preload piston. Both pieces were made out of titanium for minimum 
weight. Requirements for increased mass for medium or low frequency testing were 
met through addition cf a long rod rigidly coupled to the top of the preload 
piston, and of steel weights. The weights were centered by the rod and were 

axially restrained by spacers of various lengths and a locknut near the upper rod 
end . 



The rod itself received radial support from two frictionless guide bearings 
(Figure 'j shows one of the dismounted bearings), each of which consisted 
of a hub and 12 steel spokes. The hub fitted over the end of the rod and was 
axially clamped to it. This kind of bearing arrangement provides good radial 
stiffness for reasonably high spoke tension, but provides only limited freedom 
for motion if overstressing of the spokes is to be avoided. Consequently, pre- 
loading of the elastomer test specimen by the air cylinder required that the 
outer frame (to which the guide bearings were attached) be lowered. An adjust- 
ment of the position of the outer frame was also necessary when there was a change 
in the air pressure in the upper cylinder, which was used to remove dead weight 
from the elastomer when the rig was set up to perform low frequency resonance 
tests. Such adjustments to the outer frame may be avoided in future tests by 
testing with the spokes more highly stressed. This may require stronger spokes 
if large preloads are to be imposed. 

The function of the upper air cylinder (whose piston was attached to the inertia 
mass) was to keep the mass from resting on the elastomer test specimen and thus 
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loading it in compression or shear. When preloading of the test specimen was 
desired, air pressure in the upper cylinder was reduced until the specified preloa 
was obtained. If the air pressure in the upper cylinder had already been reduced 
to ambient (the full weight of the mass was supported b/ the test specimen), 
additional preload could then be supplied by the lower air cylinder. 

The compressibility of the air in the upper cylinder added to the system another 
small stiffness of nearly the same magnitude as that provided by the lower cylin- 
der. The two guide bearings (spoke planes), which were always operated at approx- 
imately their neutral (unstressed) axial position, contributed a third small 
spring stiffness which was considered in later calculations. 

Inst rumen tat ion 

The measurement requirements associated with the experimental investigation of 
the elastomer dynamic properties were as follows: 

(1) Displacement measurement of elastomer support plate attached to 
vibration table, relative to ground; 

(2) Displacement measurement of elastomer support plate attached to 
resonance mass, relative to ground; 

(3) Phase angle measurement between displacement measurements (1) 
and (2) above; 

(4) Displacement measurement between two elastomer support plates, 
relative amplitude across the elastomer; 

(5) Vibration frequency; 

(6) Temperature of elastomer and elastomer support plates. 

For convenience, the displacement measurements were made relative to the massive 
shaker body frame, which was supported relative to the shaker base by springs. 
The very low level of motion of the shaker body frame was measured by accel- 
erometer. j 

1 

i 

| 

At medium or high vibration frequencies (above 300 Hz) displacement measurements 
were replaced by acceleratin:, measurements. Resonances of the displacement probe 


i 




supports, together with elastomer thickness changes due to thermal expansion 
caused by changing temperatures in the test specimen, prompted the substitution. 

At low frequencies, displacement measurements were required because of the hum 
and noise in the shaker (0,1 g or less according to manufacturer's specifications) 
At these low frequencies, with the low g-levels required for testing, this hum 
and noise resulted in too much acceleration signal distortion. The phase angle 
measurements were of course not affected by the use of accelerometers at the 
higher frequencies. 

The measurements of the relative displacement amplitude between the vibration in- 
put and mass response could also be made eithei as displacement or acceleration 
measurements. In the latter case, conversion of the signal to displacement form 
would have been required during the tests, since the analytical evaluation of the 
experimental data required the relative displacement amplitude to be a constant 
parameter. It was thus measured directly by using a displacement ptobe mounted 
to and vibrating with the shaker table. Noncontacting displacement probes of the 
capac itance-measurement type were employed for this purpose, as well as all other 
displacement mea surements in this program. 

Temperature at the center of each elastomer test specimen was judged to be an 
important test parameter, together with temperatures at several locations 
immediately adjacent to the sample. This was because the dynamic properties of 
elastomers are known to be very strongly dependent upon temperature. In order 
to make the former measurement, a thermocouple was located in the first (urethane 
compression) sample at the geometric center of one of the two test specimens. 

While test temperatures were successfully recorded for a time, the hole through 
which the thermocouple was inserted (along the axis of the cylindrical sample) 
appeared to act as a local stress raiser, causing what was apparently a fatigue- 
type shear failure to propagate radially outward over a large sector of the speci- 
men. This failure appeared as a circumferential cut on the side of the disc (see 
Fig. 6). While early failure of the urethane compression sample limited the 
amount of data which could be obtained from this particular sample, and forced 
the abandonment of this type of temperature measurement for future samples, it 
nonetheless demonstrated clearly the ability of the test rig to apply hign 
amplitude, high frequency vibrations to very large samples. 
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Subsequent temperature measurements were made at a point directly under the 
center of the elastomer disc in the steel support plate (vibration table input 
side) at a distance of approximately 1/16 in. (1.6 mm) from the surface, and 
directly above this point on the other side of the elastomer disc in the titanium 
holding plate (mass side). In the titanium plate the thermocouple was located 

about 1/8 in. (J.2 mm) from the surface bunded to tbo elastomer. Chrome 1-Alumc l 
Uicrmocoup lc*s were used. 

D_ata Acqu is it ion System 

A schematic of the data acquisition system used for the experimental investiga- 
tions reported herein is shown in Fig. 7. Displacement signals from noncontae t ing 
capacitance type probes and Wayne-Kerr amplifiers, or acceleration signals from 
crystal accelerometers and Kistlcr charge amplifiers, were sequentially switched 
by an analog scanner (Monsanto 503P) into a two-channel tracking filter (Vibra- 
tion Instruments Company, Mdel 2J5D). The tracking filter provided a Vsual 
readout of vibration frequency and of two filtered amplitude signals. The mass 
amplitude signal (displacement or acceleration) was fed at all times into one of 
the t;.o channels of the tracking filter and from there into the phase meter 
(Vibration Instruments Company, Model 933A) where it served as a reference signal 
for the measurement of th,- phase angle relative to the vibration table amplitude 
signal (displacement or acceleration, respectively). The d-c values proportionate 
to phase angle and amplitudes from the phase meter and the trackirg filter were 
then converted into binary form in two digital voltmeters (Monsanto, Model 200A) 
and printed on paper by a 21-line printer (Monsanto, Model 5 1 1 A) at a rate of 
approximately three lines per second. (See Fig. 8 for a sample data printout, 

nd Fig 9 for a photograph of the Monsanto and Vibration Instruments' instrumen- 
Ui L i<3 n . ) 

Temperature values were obtained and read from a thermocouple bridge (Technique 
Assoc., Model 9B) after manual switching between thermocouples in a special 
thermocouple switch (Wheelco Instrument Division). 

During testing, the wove forms of all amplitude signals were monitored on oscillo- 
scopes. The relative amplitude signal was also monitored on an a-c voltmeter 
(two such signals were recorded for the compression and combined compression-shear 
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test specimen*?, one on each side, in order to obtain estimates of the amount 
of side-to-side resonance mass motion during tests without external resonance 
mass connection; one such measurement was made for the shear test specimens). 
These signals indicated deflection across the elastomer test specimen (x£ "" x^). 

Vibration test frequency was set and adjusted at high frequencies according to 
the readout of the tracking filter and at low frequencies according to the fre- 
quency meter on the shaker control console, which was equipped with a logarithmic 
scsie frequency meter for higher accuracy and resolution at low frequencies. 
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descrtfhon^of tests 

Select ion £ f _E 1 a s t o me r s for Te jj. 1 

It was considered that, as a basic requirement, the elastomers used for this test 
program should have not only good bonding espability with metals, but also measur- 
able damping. Based on these criteria, four elastomers were chosen from among the 
many available for possible use; they arc Buna N, Hypalon, Neoprene and Urethane. 
One 6 in. by 6 in. by 0.50 in (15 2 cm by 15 2 cm x 1,27 C m) sample of each of 
the above four elastomers was obtained for possible use in the tests, through the 
courtesy of the Nichols Engineering Company of Shelton, Connecticut. The Nichols 
Engineering Compound Numbers of the four elastomers are. Buna N: NE-I035; Hypalon: 
NE X-193; Neoprene. NE-1096; Urethane; '’S-854AK. 

One of the major features of the current test program is the performance of the 
scheduled tests at near-resonance conditions in order to achieve amplitude require- 
ments. If resonance cannot be reached at the desired test frequency because of 
either low test sample elastomer stiffness or high resonance mass (particu lar ly at 
higher frequencies) torts may be conducted such that the test frequency is higher 
than the resonant frequency. The resonance frequency is defined as 

f » -L JL. 

n 2n W/g 

where k is the total stiffness of the elastomer sample and W is the weight of the 
total resonant mass attached to the elastomer sample. The resonance mass may be 
adjusted in discrete steps, depending on the weight attachments designed for the 
test rig. The elastomer stiffness k for the compression mode is determined by 

k - 2 E A/L 

e 

where E g is the effective Young's modulus of elastomer, A is the cross-sectional 
area of elastomer specimen; and L is the thickness of elastomer specimen. 

The factor of 2 in the stiffness formula accounts for two elastomer specimens 
connected in parallel i n cac h elastomer sample in the lest rig. 'lie configuration • 
of each elastomer specimen Is a di«c 0.50 in. (1.27 cm) thick and 2 In. (5 cm) 
in diameter. Thus, according to the shape factor data of Ref. 36, the effective 
Young's modulus E e is approximately 2.5 times the cctuai Yohor'i modulus E for the 
particular material. The stlffnosc for the shear mode can be determined by the same 
formula with E e replaced by the effective shear modulus. 
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Tl.e Young's moduli of the four elastomers supplied by Nichols Engineering Company 
were not available. However, such information is required in order to determine 
the compatibility of the elastomer test samples witli the designed test rig. 

Simple compression stiffness tests were therefore carried out to determine the 
Young's modulus. Tn these tests, cubes of the candidate elastomers, 0.50 in. 
(1.27 ctn) on a side were cut from the sample slabs and loaded statically on the 
same axis along which the samples were, later to b; tested. The elastomer cubes 
were loaded between plates without epoxy. 'Jhe results were as follows: 


Statically Measured Young’s 
Modulus For Elastomer Cube 


El as tomor 

Buna N (NK-1035) 
Hypalon (NE X-193) 
Neoprene (NE-1096) 
Urethane (NE-854/VK) 


[0.50 in. (1.27 cm)] 

3 b / 1 n . ^ ( n / m ^ ) 

10,500 (7.25 x 10) 

1,110 (7.oS X 10 6 ) 

3,690 (2.4J x 10 7 ) 

2,260 (1. 36 x 10 y ) 


Calculated Elastomer 
Stiffness for Two 
r. Circular Test Samples « 
J2 in. (5 cm) Dia. By 
|U,50 in. (1.27 cm) Long 
lb/ in, (n/m) ' 

330.000 (5.77 x 10 7 ) 
34,500 (5.95 x 10 6 ) 

113.000 (1.98 x 10 7 ) 

71,000 (1.25 x 10 6 ) 


These results should be interpreted as estimates only of the stiffnesses which 
would be obtained under actual tests. Since the shear modulus is approximately 
1/3 of the Young's modulus for this type of material, the expected shear stiff- 
ness value is about 1/(3 x 2.5) times the compression stiffness. 


Neoprene and urethane were selected as the two test elastomers. Their stiffnesses 
are midway in the range between the low value obtained for hypalon and the high 
value obtained for Buna N in the available sample materials. Also the ratio of 
the stiffnesses of neoprene and urethane is only 1.59. Thus, near-resonance tests 
may be performed on two different elastomers without drastic charges to the test 
rig resonance masses, which would be required if the stiffnesses were very dis- 
similar. 


The masses that can be utilized for resonance in the current test rig design are: 
1.5, 3, 5, 15, 25, 35, 65, 125, 185, 245, 305, 365, 425, and 485 lbs (0.7, 1.4, 
2.3, 6.8, 11.3, 15.9, 29.5, 56.7, 81.9, 111.1, 138.3, 165.6, 192.8, and 220 kg). 
Therefore, for urethane, the range of resonant frequencies is from about 38 Hz to 
about 680 Hz for tests in compression, and frc. about 14 Hz to about 250 Hz for 
tests in shear. For neoprene, the range of resonant frequencies is from about 
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48 Hz to about 860 Hz for tests in compression and from about 17 Hz to 31U Hz 
for tests in shear. These ranges are illustrated on the resonant frequency plot, 
shown in Fig. 10, with U-C and U-S denoting urethane compression and shear 
respectively, and N-C and N-S denoting neoprene compression and shear respectively 

Description of Tests Conducted 

Two elastomers, urethane and neoprene, were tested in this program, each in three 
loading configurations: compression, shear and combined compression-shear 

in compression was tested first. In an attempt to measure the tempera- 
ture at the center of the elastomer, during the tests, a small hole 0.030 in. 

(0.76 mm) in diameter was drilled along the axis of one of the two elastomer 
discs. A thermocouple was lodged in this small hole. The urethane compression 
sample was subsequently tested in the high frequency range (300 to 1000 Hz) and 
with peak-to-peak amplitudes ranging from 0 001 in. (0.025 mm) to approximately 
0 009 in. (0.228 mm) at each frequency. After approximately three to four hours 
of high frequency testing, the elastomer disc that contained the thermocouple 
failed. A crack had developed near the midplane perpendicular to the axial 
direction of the disc. The failure was apparently due to repeated stress rever- 
sals and the stress concentration effect at the end of the small hole. Tests on 
this sample were discontinued subsequent to the failure. Approximately 30-35 
percent of the data scheduled to be taken for this sample had been obtained 
Much of the recorded data had to be discarded, however, because careful examina- 
tion indicated data "contamination" due to the gradual propagation of the crack 
during the data taking. 

No thermocouple holes were drilled in the remaining test samples in the elastomer 
discs. While this limited the amount of temperature data which could be obtained, 

it also prevented the reoccurrence of fatigue failures due to stress concentra- 
t ion . 

The procedure used to obtain th? test data was developed ir\ the course of the 
initial tests on the urethane compression sample. In subsequent tests, limita- 
tions in the engineering properties of the elastomer materials were treated con- 
servatively, i.est rig amplitudes wer ; held below maximum capacity and test 







duration at high frequencies and high amplitudes was limited to the time required 
for machine adjustment and data taking. 

Levels of dissipative heating in the elastomer test samples varied depending 
upon vibration frequency, specimen deflection amplitude and time. At low fre- 
quencies, the heat generated in the elastomer caused only a small (1-2°F; ca 1°C) 
temperature rise in the bonded metal plates at all test amplitudes. At higher 
vibration frequencies the elastomer temperature rose rapidly by as much as 50°F 
(28 C). The test rig in its current configuration did not have specimen ambient 
temperature control capabilities. 

Attempts to obtain "transient" data (elastomer deflection data at less than steady 
state elastomer temperature for the particular vibration frequency under test) 
proved to be unsuccessful due to limitations inherent in the electromagnetic 
shaker system, in which rapid changes in power output are not tolerated at high 
power levels. 

Data Ta king Procedure 

1- Shaker system vibration frequency was set. The initial test was found by 
scanning upward in frequency until an operating frequency just above the 
critical frequency of the elastomer-mass system was reached. 

2. Shake table power input was then adjusted until the desired deflection across 
the elastomer (x^ — x^) had been read on an a-c voltmeter. 

3. When all signals appeared acceptable in amplitude and wave form, the data 
printout command was given. 

4. Data signals were printed. Frequency and calibration factors from the track- 
ing analyzer were recorded. 

5. Simultaneously with (4), temperature was recorded (manually). 

6. After advancement to the next test frequency, steps (2) through (5) were 
repeated. The maximum test frequency was generally reached at 3 to 3.3 times 
the critical frequency of the elastomer-mass system. Above that point 
generally excessive power input to the shaker was required to maintain deflec- 
tion amplitude across the elastomer, and the phase angle between table input 
and mass response changed only minutely. 
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7. Steps (1) through (6) were repeated for each higher deflection amplitude 
across the elastomer. 

8. Steps (1) through (7) were repeated first for the five percent and then for 
the ten percent preload values. 
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DEVELOPMENT OF ANALY TICAL METHODS 
Dynamic Model Nomenclature 

The test rig designed, built, and successfully used for the determination of 
dynamic elastomer properties as reported here is based on the base-exci ta t ion , 
resonance-mass method. A schematic diagram of the test rig is shown in Fig. 1. 

The test specimens were epoxied onto a holder which was fastened securely to the 
shake table. The other side of the elastomer holder was connected to the resonant 
mass. The vibrational motion was therefore transmitted from the shake table 
through the elastomer to the resonant mass. This is shown diagrams t ica Uy in 
Fig. 11, in which the motions of the shake table and the resonant mass are rep- 
resented by x r and x 2 respectively. Because of the electromechanical forces 
(denoted by F) which act between the shaker body and the shake table, the shaker 
body may experience vibratory motion. Although this motion, denoted by x f , is 
expected to be small under normal operating conditions, it is included in the 
analysis for generality. 

The elastomer specimen, when installed in place, provides the major dynamic link 
between the shake table and the resonant mass. Under dynamic conditions, the 
elastomer can be represented by equivalent stiffness and damping coefficients, 
anc * c e res P ec t ive ly . Both k £ and c e are frequency dependent. There are also 
two air cylinders in the test rig. The lower one is for the purpose of preloading 
the elastomer, and the upper one is to unload the deadweight of the resonant mass. 
Their stiffness and damping properties are represented by k^, and k , c 
respectively. There are also two spoke systems to restrict the resonant mass to 
vertical movement. Each spoke system has stiffness k g and damping c . These 
stiffness and damping elements, all of which are shown in Fig. 11, are all very 
small numerically compared to the elastomer properties. This relative sizing has 
been done deliberately in order to decrease the effect of each of these required 
elements upon the accuracy with which the elastomer properties may be calculated. 

Equations of Motion 

The equation of motion for the resonant mass m can be written as follows: 
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mx 2 + (c x + c e )(i 2 - + (c u + 2c s )(x 2 -i f ) 

+ < k x + k e >(x 2 “ x l> + (k u + 2 k s )(x 2 “ x f ) - 0 


Denote 


X lf “ X 1 ~ x f 


X 2f " x 2 " x f 


K 2 X 1 " X 2f _ x lf and x 2 ~ X 1 = *2f “ x lf 


Equation (1) takes the form, 


"*2f + <c e + C £ )(x 2f" x lf> + (c u +2c s )x 2f 
+ <k e +k J t )(x 2f- x lf> + < k u +2k s > x 2 f 


It is noted that if displacement probes are to be used to me , sure the motions of 
the mass and the shake table, the probes are mounted with the shaker body as their 
references. Therefore, x^ f and x 2f are the measured quantities. 

The shaker table motion, which is sinusoidal in time, can be expressed as 

X lf " X lf ex P 1 <«* + <P X > (4) 

where X lf and ^ are respectively the input amplitude and phase angle, and o> is 
the frequency. 


N.,w, assume that and are also sinusoidal in time (actual measurement 
verified that such is indeed the case). Thus, 

X 2f ** *2f ex P i Got + <p 2 ) 

x f * X f ex p 1 (<°t + v) ^ 


Substitute Eq . (4) and (5) into Eq . (3) and take only the real part: 





t 




2 

m co cos (cot + CP 2 ) + k^ [x^ cos + c^) 


l 

t 


- X lf cos (cot + q> 1 )] + k^ X cos 

(cot + cp 2 ) 


> 


" c e ^ X 2f Ein (u * + c * 3 2 ) “ X lf sin + q>j)] 


» 


n 

" ^ X 2f Ein (cot + cp 2 ) - m O) 

X cos (cot + cp) 

(6) 

i, 

where 

k* = k + k ; c* = c + c 
e e t e e X 


(7) 

< 


k’ ® k + 2K ; c 1 - c + 2c 
u u s’ u u s 


(8) 


Equating the cos cot terms in Eq , (6), we have 



\ 


2 

-mm X 2£ cos cp 2 + [X 2f cos cp 2 

- X lf cos cp x ] 


* 


+ X 2f cos <p 2 - C ; co [X 2f sin «p 2 - 

- X lf sin cpj 




" C u ^ ^2f S ^ n ^2 13 m co^ cos <p 


(9) 


Equating 

the sin tot tern c m Eq . (6), we have 



; 





l 


m co X 2f sin cp 2 + k g [- X 2f sin <p 2 

+ X lf sin cp L ] 


l 


- k; X 2f sin cp 2 - c ; co [X 2f cos cp 2 

- X lf cos cp L ] 

' 



o 

“ C u 00 *2f cos ^2 ** m 60 X f sin cp 


(10) 


Rewrite Eqs. (9) and (10) in the following form: 


r 
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: 1 

| where a 

1 11 

= 

X 2f cos V 2 - X lf cos cp 1 

’ ■ • f | 

1 

a 

- to (X 2f sin cp 2 -• X 1£ sin q^) 

1 

1 

a 21 

f 

- 

a 12 /co 

■ i 

I a 22 

s 

-co an 

. , I 

[ 

= 

2 , v 

m co (X 2f cos cp 2 + X f cos <p) - k^ X 2f cos q> 2 

i 

r 


+ c u w X 2f sin ^2 

■ v j 

‘ d 2 

•S 

2 

- m co (X 2f sin cp 2 + X f sin <p) v k^ X 2f sin <p 2 

: 1 1 

k 


+ c u ® x 2f cos <P 2 


Li I 


Note that quantities in Eq . (13) are either known or measured in the experiment. 
For example, the frequency co, the displacement amplitudes X £f , X 2£ and X f , and 
the phase angles are measured quantities in the dynamic testing, and k' and c' 
are known quantities (by prior measurement). Thus, k’ and c' can be solved from 



Eqs . (11) and 

(12). 
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Therefore, from each set of dynamic test data (amplitudes, phase angles, frequency, 

etc.) one pair of elastomer specimen dynamic stiffness and damping values can be 
calculated . 

The above approach has been prepared for the case in which the motions are measured 
by displacement probes. A slight modification is required when the motions are 
measured by accelerometers instead. This is necessary because the displacement 







probes give readings with respect to a specific reference body (in this case, 
the shaker body), whereas an accelerometer gives an absolute reading. In the case 
of accelerometer input data, the analysis should begin with Eq . (1), 

Let the displacements be represented by: 

* X^ exp i (tot + <p.^) = X 1 cos (cot + cp ) 

x 2 = X 2 eXf> * ^ + ^2^ = X 2 C0S ^ + ^2^ (16) 

X f = X f eXp 1 ^ + <p) 31 x f cos (cot + cp) 

in which only the real parts are taken. 


The respective accelerations A^ , A 2 and A f are readily obtained by differentiating 
twice v?ith respect to time: 


A 

A 

A 


1 

2 

f 


2 2 

"ID Xj cos (cot + c^) «* CO cos (cot + cp^ + 180°) 
2 2 

- °> x 2 cos (cut + cp 2 ) » to X 2 cos (cot + cp 2 + 180°) 

2 2 

- to X f cos (cot + cp) ■ co X f cos (cot + cp + 180°) 


(17) 


Therefore, it is seen that for sinusoidal motions the relative phase between the 
displacements is preserved in the accelerations. In other words, the relative 
phase between and x 2 is the same as the relative phase between A^ and A 2 . 

Thus, the measured phase angles of the acceleration signals may be used directly. 
With the accelerations as the measured quantities, their amplitudes may be divided 
by the square of the test frequency to obtain th respective displacement ampli- 
tudes. It should be noted that if the measured quantities are mixed, for example, 
X 1 and A 2* then in order to be consistent, one of the phase angles has to be in- 
creased by 180 degrees for proper interpretation of results. 

Substituting Eq . (16) into Eq . (1) and following the same procedure as in the 
derivation of Eqs. (6) through (12), Eqs. (11) and (12) are again obtained. The 
elastomer stiffness and damping can be calculated from Eqs. (14) and (15) as 
before. But instead of through Eq . (13), the coefficients a n> etc. should 

be computed from the following equation: 
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11 

a 12 

*21 

a 22 

d. 


X 2 cos <p 2 "" cos <p^ 

- o> (X 2 sin cp 2 - X 1 sin cp^ 


a i2 /t0 


o) a 


11 


m co X 2 cos cp 2 - a> (X f sin <p - X 2 sin cp 2 > 

+ k u ^ X f cos <P ~ X 2 cos ^2^ 

2 

“ m " X 2 sin <p 2 - c^ (X f cos cp - X 2 cos cp 2 > 


— l. ' 


K < x f sin cp - X 2 sin cp 2 ) 


(18) 


where Xj. = A^co 2 ; X 2 = A^J 
= A^/cd 2 


^ 1 * and A^ are amplitudes of accelerations J 


(19) 


In summary, the elastomer stiffness and damping quantities can be calculated 
f-om Eqs. (14) and (15). If the motions are measured by displacement probes, 
then the coefficients • u> a^, a^, a 22 , and d 2 should be calculated from 
Eq. (13). But, if accelerometers are used to measure the motions, Eqs. (18) and 
(19) should be used for the coefficients 

Mechanical Impedance and Compliance 

The complex mechanical impedence of an elastomer is given in terms of the stiff- 
ness and damping as follows; 


k + i ox 
e e 


A complex compliance function can be defined as the inverse of Z : 

e * 


G 1 - l S • t 

e 


k + i cuC 
e e 


( 20 ) 


( 21 ) 
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( 22 ) 


In the foregoing sections, a procedure has been described whereby elastomer 
stiffness and damping coefficients, or the complex compliance function, can be 
calculated from measured motions of the shake table an.: tlle reS onant mass. In 
the following section, a relationship between the elastomer compLex compliance 
function and a set of constants based on a viscoelastic model, will be 
derived . 


In an elastic material, a simple linear relationship commonly known as Hooke's 
Law, exists between stress and strain. In an elastomer, or a viscoelastic 
material, the time rates of change of stress or strain, or both, must also be 
considered in the stress-strain relationship. The precise form of the relation- 
ship depends on what viscoelastic model is used in the formulation. 

One elastomer viscoelastic model is the three-element model shown in Fig. 12. 
This model, consisting of one linear spring in series with a linear parallel- 
connected spring and damper, (one of many such arrangements - see Ref. 35, for 

instance) has provided reasonably good qualiiative descriptions of elastomer be- 
havior . 


In Fig. 12, suppose that the elastomer is acted upon as shewn by a sinusoidally 
varying force F, producing displacement e. Denote the displacement of the mov- 
able end of spring ^bye'. By applying a force balance at the junction of the 
spring 1<2 and the spring-damper element: 


K 2 c’ - K x (e - e’) + C(e - e') 

Also, the force in the spring must be equal to F. Thus, 
F - K 2 e ' 


(23) 


(24) 
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By eliminating c* from the above two equations, we have 


F + 


K l + K 2 


K K C K_ 

F . — 1 — c + £_ 

K 1 + K 2 K ! + K 2 


or 


F + F ■ a 2 c + a 3 ® 


where , a^ and are the viscoelastic model constants, 
C 


a 3 


K, 

+ K 

1 

2 

K 



1 2 

K. 

+ 

1 

2 

C 



2 


K l +K 2 J 


(25) 


(26) 


(27) 


The displacement e and the force F are related by the complex ccmoliance function 
G: 


c 


G F 


Since F is sinusoidal in time, 

F * F exp i cot 
o 


Thus , 

t m (G^ — i Gj) F q exp i cot 

Substituting Eqs. (2$ and (30) into Eq . (26), 

1 + 1 U) a x ^ a 2 (G 1 - i G 2 ) + « 3 i cd (Gj - i g 2 ) 

Equating the real parts and the Imaginary parts separately, we have 


(28) 


(29) 


(30) 


(31) 
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From a set of experimental data, the elastomer stiffness and damping coefficients, 
and subsequently the complex compliance function, can be calculated es indicated 
earlier in Eqs. (14), (15) and (22). Thus, plots if and G 2 versus frequency can 
be generated. Now, from Eq.(32), a given set of values .for the viscoelastic model 
constants a^ a 2 and a 3 would specify G r and C 2 as functions of frequency. If a 
particular set of a^ a 2 and a 3 can be found which provide G^ and G 2 functions, 
then, a good correlation has been obtained by means of the selected three-element 
model. The analysis and reduction of experimental data to find such sets of a 
a 2 * and a 3 are discussed in a later section. 1 
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DATA P EDUCTION AND CORRELATION 

Data taken during the efforts reported herein is summarized in Table 1. 

Da t a Reduc I. i on 

The analysis ind reduction of the recorded data are illustrated by considering 
the data obtained through use of the urethane shear sample with no preload, at a 
frequency of 200 Hz, and with amplitude of 0.001 in. (0.025 mm) peak-to-peak . 

The absolute motions are measured by accelerometers whereas the relative motion 
across the elastomer was obtained by a displacement probe. This probe yielded 
a reading of 0.17 volt, which corresponds to a peak displacement amplitude of 
0.0005 in. (0.0127 mm). The accelerometer readings of the shake table and the 
resonant mass were 0.152 volt and 0.0231 volt, respectively. The motion of the 
foundation was negligibly small. The calibration factor of both accelerometers 
is 0.071 volt/g. Therefore, 

*1 = 0.152/0.071 = 2.14 g = 825 in. /sec 2 (21.0 m/sec 2 ) 

\ " 0-0231/0.071 - 0.326 g ■* 126 in. /sec 2 (3.2 m/sec 2 ) 

The recorded phase angles were = 169.1° and <p 2 = 0 (the resonance mass 

motion was used as a reference in measuring tbe phase angles). The weight of the 
total resonant mass on top of the elastomer specimen was 69 lb (31.3 kg). The 
6t if fness of each spokj assembly as measured was k » 140 !b/in. (2.45 x 10^ 

n/m). From recorded air pressures, air cylinder stiffnesses were determined to 
be k u . 1000 lb/in . (1.75 x 10 5 n/m) and k £ = 830 Ib/in. (1.45 x 10 5 n/m), see 

Appendix I. The damping coefficients of the air cylinder assemblies and the spoke 
assemblies are small; they were estimated, on the basis of log decrement measure- 
ments in vibration decay tests, to be c - c = 0.5 lb-sec/in. (87.5 n-sec/mV 

anJ c » 0. 
s 

With the above input data, the elastomer stiffness and damping coefficient at 
200 Hz is calculated from Eqs . (14), (15) and (18): 
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TABLE la SUMMARY OF URETHANE EXPERIMENTAL DATA 



data taken 

data taken and stiffness and damping calculated 





























taken 

taken and atlffneaa and damping calculated 



















* 36,000 lb/in. (6.3 x 10^ n/m) 

* 4.3 Ib-sec/in, (7.33 x 10^ n-sec/m) 

Then, from Eq . (22) 

C l » 2.73 x 10‘ 5 in. /lb (1.56 x 10' 7 m/n) 

G 2 = 4.12 x 10‘ 6 in. /lb (2.35 x 10' 8 m/n). 

By following the same procedure, the values of and at other frequencies and 

preloads are calculated and plotted. In Figs. 13 and 14, the real and imaginary 
parts of the complex compliance function are respectively plotted for the urethane 
shear sample at a peak-to-peak amplitude of 0.001 In. (0.025 mm). Various curves 
are shown for different values of the preload. Figures 15 and 16 show, respec- 
tively, the G^ and G^ plots obtained for the urethane shear sample at a peak-to- 
peak amplitude of 0.0015 in. (0.038 mm). Preloading appears to have the effect 
of decreasing the frequency dependence of the and G 2 functions. As the fre- 
quency increases, the function decreases, corresponding to an increase in 
stiffness. This is in agreement with elastomer data reported in the literature. 
The three-element viscoelastic model shown in Fig. 12 also predicts the same 
general behavior for G^. 

Figures 17 to 20 show the G^ and G^ curves for the neoprene shear sample at peak- 
to-peak amplitudes of 0.001 in, (0.025 mm) and 0.003 in. (0.076 mn) . It is 
seen in Fig. 17 that G^ appears to increase with frequency in the 50 to 70 Hz 
range for both the no preload and five percent preload cases. This is in contrast 
to what is generally believed to be normal elastomer behavior although such 
reverse trends are reported in the literature (Ref. 31). It should be noted that 
no such reversal was found in the case of the urethane shear sample (Figs 13 and 
15), which was tested in the same manner and under similar conditions. One pos- 
sible explanation might be a low* frequency test rig resonance. Several additional 
tests, with additional accelerometers, would be required to fully explain this 
apparent anomaly. 

Figures 21 and 22 are, respectively, the G^ and G 2 curves for neoprene under 
compression dynamic loading at a peak-to-peak amplitude of 0.001 in. (0.C25 mm); 
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whereas Figs. 23 and 24 are those for the same sample at peak-to-peak amplitude 
of 0.0015 in. (C 038 mm). Since the compression specimen is considerably stiffer 
than the shear specimen, the natural frequency, even with all the weights in- 
stalled in place, is still too high (in the 120 Hz range) to obtain good data 
below about 100 Hz. It may be noted that G^ again exhibits a reverse trend in 
the 100-150 Hz frequency range. 

The data of the combined compression-shear samples of both urethane and neoprene 
were also analyzed. The resulting and G^ functions show considerable and 
apparently inconsistent variations with frequency over portions of the frequency 
range of interest. While portions of the curves (in the middle frequency range) 
appear satisfactory, the results of the tests are considered to be unsatisfactory 
from the standpoint of determining dynamic coefficients which would be usable 
over the entire frequency range. Further reduction of this data has, thus, not 
been attempted. 

The variations in G^ and G^ may be traced back to the order in which these tests 
were conducted. Tests of the previous four samples were conducted with frequency 
as the first variable and amplitude as the second. For the last two samples (the 
combined samples) the order was reversed, with amplitude varied first at constant 
frequency and test frequency as the second variable. The resulting temperature 
history of each sample was thereby apparently confused because of the higher 
heat levels generated at the higher amplitudes. This problem area is discussed 
in more detail under the Discussion of Results section. 

Correlation of Data with Viscoelastic Model 

In the last section, the reduction of experimental data was described. This 
data was expressed in the form of and G^ versus frequency with preloading and 
amplitude as parameters. This reduced data is next correlated with calculated 
results through use of the selected three-element viscoelastic model shown in 
Fig. 12. It may be recalled that the quantities G and G 2 were derived in Eq . 

(32) in terms of a^, , and a^> the viscoelastic model constants. The correla- 

tion efforts may be described as the obtaining, from the experimental results, 
of a particular set of values for , and which by means of Eq . (32) 

may be used to calculate G^ and G 2 functions which compare satisfactorily with a 
particular pair of measured G^ and G 2 curves. 
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Before discussing the correlation of the data obtainable through the selected 
three-element model, it is appropriate to discuss the functional behavior of the 
complex compliance function as expressed in Eq . (32). First, the viscoelastic 
model constants a^, and a^ must be positive, as can be seen from Eq . (27). 
Since the elastomer stiffness and damping coefficients are positive quantities, 
it immediately follows from Eq . (22) that and G^ are also positive. Equation 
(32) then indicates that 

a 3 “ a l a 2 > 0 (33) 

because otherwise G 0 , and hence the elastomer damping coefficient c will be 
4 e 

negative . 


Differentiating Eq . (32) with respect to co yields 

(34) 


(35) 

From Eqs . (33) and (34), it may be seen that dG^/d co it always negative. The 
slope of G^ is zero both at co = Q and co * », The largest numerical value of the 
slope of G 1 can be shown to occur at « a^/ y/J a^. Qualitatively , the dependenc 
of G^ and on frequency is shown in Fig. 25. Note that G 2 first increases with 
co in the low frequency region and then decreases in the high frequency region. 

The maximum of G^ occurs at co 2 ■ a 2 /a . These facts are extremely helpful in 
determining the approximate range of a ^ a 2 and in the correlation study. 

When the measured G^ and G^ curves show sufficient resemblance with the sketches 
and G^ as functions of frequency as shown in Fig. 25, good correlation 
can be expected for the three-element model chosen. The monotonic character of 
the G^ curve shown in Fig. 25 appears to suggest that either the reverse trends 
noted at low frequencies in Figs. 19, 21, and 23 are due to undesirable test rig 
behavior, or that the three-element model, from which the curves in Fig, 25 are 
obtained, is not fully adequate for this Darticular elastomer. 
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In addition to the curves presented in Fig. 25, a large number of calculated 
and C 2 curves were plotted in the frequency range of interest, for many different 
combinations of a^, a 2 and a^ . These sets of curves, which are in essence the 
result of a parameter study of Eq . (32), are henceforth referred to as "master 
curves." In the process of correlating the test data, the actual G ^ and G 2 
curves obtained from the test data for a specific test sample were first compared 
with the "master curves." This yielded approximate values of the quantities a^, 
a 2 an< ^ a 3 ^ rom which to begin the curve- fit t ing process. Once the approximate 
ranges of a 2 and a^ were known, a standard curve- fitting computer pro- 
gram was used to select the best possible combination of a^, a ^ and a^ which gives 
the smallest deviation from the measured data. 

Data correlation analyses have been performed to obtain the viscoelastic model con- 
stants corresponding to the selected three-element model. The term "measured curves" 
in the plotted results is used to denote those obtained from the reduction of 
measured data, whereas the correlated curves are those calculated from a given 
set of a^, a 2 and a^ . 

A correlation analysis was made with the urethane shear data obtained with no 
preload and at 0.001 in. (0.0254 mm) peak-to-peak amplitude. The viscoelastic model 
constants are found to be a l =* 0.0017, a 2 = 19,000 and * 70. Plots of the 
correlated and measured complex compliance functions are shown in Figs. 26 and 
27. It is seen that the correlation in G l is good, whereas the correlation in 
G 2 is not satisfactory. The three-element model chosen is apparently Incapable 
of correlating the measured G 2 curve for this particular test condition. 

Similar correlation analyses were made for this test sample for preloads of five 
percent and ten percent. The results are shown In Figs. 28 to 31. Again, the 
correlation for G x is generally very good for both cases. The correlation for 
G 2 at five percent preload is fair, while that at ten percent preload is fair to 
poor . 

Attempts were also made to correlate the urethane shear data at a peak-to-peak ampli- 
tude of 0.0015 in. (0.038 mm) as shown in Figs. 15 & 16. While the correlation for 
G 1 was acceptable, that for G 2 was only fair to poor. It may be remarked here 
that the three-element model selected for use in this program very likely pro- 
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vides the answer to the disparity between the excellent correlations obtained 
for the G^ functions and the fair to rair-to-poor correlations obtained for the 
^2 ^ unrt ' ons * As indicated in Fig. 12, the model possesses two spring eJ Bments 
but only one damping element. A more general four-element model should produce 
better results. 

Figures 32 to 37 are the correlations obtained for the neoprene shear data at 
0.001 in. (0.025 mm) peak-to-peak amplitude, no preload, and at 0.003 in, 

(0.076) peak-to-peak amplitude, zero percent and five percent preload. It is 
seen that they all correlate very well, with the* exception of the G 2 data in 
Fig. 33 in the range 150 to 500 Hz. From the results shown in Figs. 32 through 
37, it may be concluded that the three-element viscoelastic model is satisfactory 
in many respects for neoprene in shear. However, the extent of the capability 
is apparently somewhat limited, judging from the several cases of pool correla- 
tion observed. 
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The neoprene compression data at 0.001 in. (0.025 mm) peak-to-peak amplitude, 
for zero percent and five percent preload, and at 0.0015 in. (0.038 mm) peak- 
to-peak amplitude, for zero percent preload were correlated and are shown in 
Figs. 38 through 43. The correlations are fairly good except the data at 0.001 
in. (0.025 mm) peak-to-peak amplitude, five percent preload. 

The viscoelastic model constants are summarized in Table 2, from which some 
preliminary trend of the elastomer constants with various parameters can be 
drawn. For the urethane shear sample when the preload is increased from 0 to 
10 percent, both a^ and a^ first decrease and then increase, whereas a^ first 
increases and then levels off. In both the neoprene shear sample and the 
neoprene compression sample, as amplitude increases, both a 1 and decrease, 
whereas a^ remains at practically the same value. 
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0.0017 19 . 000 70 
0.00068 23,000 29 
0.00122 23,000 49 


0.0013 13,000 35 


0.00075 15,400 19.5 

0.0006 23,000 20 


0.00048 125,000 76 

0.00047 100,000 93 


0.00035 


125,000 


65 



































DISCUSSION OF RESULTS 


The efforts reported herein have verified the basic methods selected for obtaining 
elastomer dynamic property material constants. During these efforts, an elastomer 
test rig was successfully designed, fabricated, assembled and tested. The test 
rig utilizes the base-excitation, resonance-mass method, in which the excitation 
is the motion provided by a shaker. The size of the resonance mass attached to 
the top of the elastomer sample can be varied in order to achieve desired dynamic 
test conditions over a wide frequency range. 

The test rig is able to perform uniaxial tests on elastomer samples of a variety 
of sizes and shapes (test specimen envelope is a cylinder five inches high by 
five inches in diameter) over a frequency range from about 20-30 Hz to over 1000 
Hz. Variable resonance mass, which may be selected to match test elastomer prop- 
erties, permits tests at virtually any reasonable dynamic amplitude at the 
resonance points, with correspondingly lower amplitudes at of f-resonanc ■-» condi- 
tions. Test amplitudes are limited primarily by elastomer properties (and of 
course shaker power) rather than by the test rig itself. The test rig, which 
may be driven by any shaker, permits vibration tests to be conducted with force 
preloads of up to 4100 pounds (18,200 newtons) applied co the test specimens, and 
can be readily adapted for constant temperature tests up to about 400°F (205°C) . 

During the conduct of the work reported herein, tests were conducted on urethane 
and neoprene elastomer samples in the compression, shear, and combined compres- 
sion/shear modes. Each sample was composed of two para llel-mcunted circular 
discs, each 2 in. (5 cm) in diameter by 1/2 in. (1.27 cm) high. Tests were conducted 
at room temperature at a number of frequencies between about 25 and 1000 Hz, at 
amplituder of up to 0.005 in. (0.127 mm) peak-to-peak, and with compressive pre- 
loads of zero, five percent, and ten percent of free length. During dynamic 
testing, energy is dissipated in the elastomer sample, causing its temperature 
to rise above the ambient. This heating effect is more pronounced in the high 
frequency, large amplitude region. Since it is difficult to measure the temper- 
ature inside the body of the test elastomer itself, the temperatures in the 
elastomer mounts adjacent to the bonding surface were measured and recorded 
during the tests. 
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Amplitudes and phase angles at various locations in the test rig were measured. 
From these measured ampltiudes and phase angles, and the frequency, the dynamic 
complex compliances were calculated at the test points. This data was then 
processed by a correlation analysis, through the use of curve- fitting and a 
selected three-element elastomer model, to obtain viscoelastic model constants. 
These constants were used to calculate the dynamic properties. Hie results were 
compared with the measured dynamic properties to determine the quality of the 
correlation. 


For the urethane sample under shear and with no preload, the temperature in the 
resonance mass elastomer mount was found to be 97°F (36°C) at 0.001 ii. . (0.025 mm) 
peak-to-peak amplitude at a frequency of 1000 Hz, and 9l°F (33°C) at 100 Hz (the 
ambient temperature was approximately 90°F (32°C)); at a peak-to-peak amplitude of 
0,0015 in. (0.038 mm) this temperature was found to be 105°F (40.5°C) at 1000 Hz 
and 94°F (34.fc) at 200 Hz. While elastomer dynamic properties are known to be 
temperature dependent, provisions for constant temperature testing were not in- 
cluded in this initial effort because of program limitations. It was felt, instead, 
that the basic methods involved in obtaining the viscoelastic model constants could 
be verified without precise control of test temperatures, which were expected to 
fall in the ranges actually encountered. The results obtained fully justify this 
initial procedure. It must be remembered that the measured elastomer dynamic 
properties obtained in these efforts have this temperature effect, particularly in 
the high frequency, high amplitude region. 


It should be clearly understood, of course, that viscoelastic model constants 
destined for use by the engineering designer must be based upon test data which 
has been obtained under constant temperature conditions. For this reason, maximum 
flexibility for controlling elastomer test cavity temperature was built into the 
test rig at the start. Achievement of this capability requires only additional 


components, rather than extensive modifications. \ 

i 

The urethane shear sample gave generally good dynamic mechanical property data. 

The correlation in G^, the real part of the complex compliance function, was good. 
However, the correlation in G£ , the imaginary part of the complex compliance func- j 


tion was not satisfactory. This was probably because 
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model used in the correlation analysis was not sufficient to represent the 
particular elastomer material. 

The dat-a obtained for the neoprene shear sample and the neoprene compression 
sample were generally satisfactory, except perhaps in some isolated cases where 
the data showed reverse trends in the low frequency region. While such trends 
have apparently been reported in the past, they are not generally accepted as 
valid by elastomer technologists. Reasons for the observed trends need clarifica- 
tion. Most of the neoprene shear data correlated very well using the same three- 
element model as before. The correlation of the neoprene compression data was 
also fa ir ly good . 

The data obtained from the urethane compression sample were poor because a crack 
had developed during the data taking. In this sample, one small hole was drilled 
along the axis of one of the two circular discs to reach the center so that its 
temperature could be directly measured. The specimen apparently failed due to 
stress concentration and fatigue. The data was not processed any further after 
the crack was discovered. 


The data obtained from both the urethane and neoprene combined compression-shear 
samples showed considerable and apparently inconsistent variation with frequency 
over portions of the frequency range of interest. This is probably due to the 
test temperature effects mentioned above, which were due primarily to the test 
sequence followed for these two samples. The sequence of data taking in the shear 
samples and compression samples (first four samples) started with the lowect 
amplitude (0.001 in. (0.025 mm) peak- to-peak) with data obtained at various fre- 
quency points. Then , data were obtained at the next higher amplitude at various 
frequencies. Thus, as far as the 0.001 in. (0.025 mm) amplitude data ere con- 
cerned, the only inherent temperature effect is that due to the difference in 
frequency. This effect is less than that due to difference in amplitude. 


The sequence of data taking in the combined compression-shear samples, however, 
started with the lowest frequency, at which amplitudes werr varied from lowest 
to highest values (0.001 in. to 0.005 in. (0.025 to 0.127 mn)). Testing then 
proceeded to the next higher frequency and so on. Thus, the data obtained at 
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0.001 in. (0.025 nun) amplitude has, in addition to the heating effect due to 
frequency, the heating effect due to amplitude as well. This test sequence must 
he avoided in the future unless long temperature stabilization periods are allowed 
or unless test temperatures are carefully controlled. 

From the measured data obtained in this program it is evident that some heating 
effects are always present during dynamic testing and in actual application of 
elastomers. If there is no positive control on the ambient temperature, the 
temperature of the elastomer sample will vary depending upon the test frequency 
and amplitude. The elastomer dynamic properties obtained from these tests will 
therefore be the properties at various temperatures. Future tests therefore 
require refinement of the test rig to include the capability of controlling the 
ambient temperature over a range of temperature levels. 

The test rig described above was designed to exhibit small values of tare damping, 
primarily in the air cylinders and their diaphragms. While the estimated damping 
levels present in the rig were reasonably small relative to the values calculated 
for the urethane and neoprene samples, it is apparent that such may not be the 
case for other elastomers or sample sizes. Precise measurement of tare stiffness 
and damping levels in the rig, through use of calibrated spring md viscous 
damper elements is needed to ensure accurate measurement of the properties of low 
damping elastomers. Such measurements are best accompanied by calculations 
designed to show the effect upon measured elastomer properties of errors in the 
values of the test rig tare stiffness and damping. 

With regard to the elastomer three-element viscoelastic model, very good correla- 
tion was obtained for some elastomer sample test conditions, while results were 
less satisfactory for others. It must be recalled that this model, composed of 
two spring elements and one damping element, was only one of three or four such 
models which exist. Other models have different arrangements. It is anticipated 
that a four-element model, with two stiffness and two damping elements, may pro- 
vide substantially better correlation of the dissipation characteristics while 
retaining the demonstrated good qualities of the three-element model with regard 
to stiffness properties. Evaluation of several models, using the same set of 
test data, will indicate suitability of the various models for different elastomers 
and different test conditions. It is felt that one model will eventually prove 
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to be usable over a wide range of materials and conditions. Such a model ,nay 
■ eventually permit incorporation of temperature as a parameter through, perhaps, 

i the use of an additional constant, 
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CONCLUSIONS AND R E C OMM K N T D ATIO NS 

The objectives of this program are to catalog elastomer dynamic properties 
(stiffness and damping) in terms of a set of viscoelastic model constants, and 
to establish practical, designer-oriented procedures whereby these constants 
may be used to predict the dynamic properties for other operating conditions. 

The work reported herein was undertaken to verify the basic methods for obtaining 
the viscoelastic model constants. The results obtained confirm the basic 
approach of the program and the mechanics of cataloging viscoelastic model con- 
stants . 



Deta i_ led Concl u sions 

The following specific conclusions may be drawn, as a result of this work: 

1. A survey of published literature indicated that while bat' r .c elastomer 
dynamic property data (stiffness and damping) is rather sparse in 
terms of the parameter ranges covered, large volumes cf test data are 
available for specific elastomer devices. Viscoelastic analytical 
procedures for predicting dynamic properties for general elastomer 
shapes and operating conditions are not yet available in the litera- 
ture. It is concluded that a very real need exists for substantial 
quantities of the designer-orierted data this program is to provide. 

2. No test apparatus was available prior to this effort for obtaining 
elastomer dynamic test data over the range of frequencies, amplitudes, 
and preloads expected to be encountered in typical engineering applica- 
tions. Therefore, a test rig, utilizing the base-excitation, resonance- 
mass approach, was designed, built and successfully used to obtain 
elastomer data. Based upon the range of tests conducted, it must be 
concluded that the test rig which now exists is fully capable of 
performing uniaxial testing of large elastomer specimens or devices at 

virtually any desired combination of amplitude, frequency, and preload. 

✓ 

However, the success of this programmatic approach rests on the accuracy 
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and sufficiency of the test data, and hence on the performance of the 
test rig. Tt is further concluded, therefore, that several test rig 
and instrumentation system refinements arc required in order that the 
full capability of the test rig may be utilized. 

3. The data reduction and correlation procedures and techniques developed 
during this effort proved effective in the calculation of stiffness and 
damping properties from test data, and for the extraction of visco- 
elastic model constants through curve fitting. 

4. With regard to the elastomer dynamic model, it is concluded that the 
three-element model investigated possesses only limited value for use 
in cataloging viscoelastic model constants for elastomers. This con- 
clusion is based upon the relative* inability of the constants thus 
obtained to reproduce tne energy dissipation (damping) properties of 
the elastomers studied. It must be* noted, however, that the model 
used yielded reasonable good results for the energy storage (stiffness) 
properties . 

It is concluded , therefore, that the relatively simple three-element 
model has served Its purpose. of assisting in the verification of the 
basic methods to be used for obtaining viscoelastic model constants, 
and that a more complete model must be used in the future. 

5. Based upon the extreme variability of elastomer dynamic properties 
with changes in. temperature, it is concluded that future evaluation of 
more complex elastomer models should be conducted in a constant temper- 
ature environment , achieved through test rig refinements, and that 
future tests. should be conducted on a material which Is relatively 
insensitive to changes in temperature. It is further concluded that 
the effects of temperature must ultimately be Included in the elastomer 
analytical model, perhaps through the use of one or more material con- 
stants . 
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Recomme ndations 

The following specific recommendations are made as a result of this work: 

1. Existing test data should be used to evaluate the utility of several 
additional elastomer dynamic models. 

2. The test rig and instrumentation system should be refined to permit 
constant temperature testing. Refinements should include: 

a) Provision for simplification- of test startup and shutdown procedures 
to eliminate possible overstressing of resonance-mass guide spokes 
due to startup transients; 

b) Provision for insulating and. heating of the elastomer test cavity, 
and for test temperature control; 

c) Provision for precise measurement of test rig tare stiffness and 
damping ; 

d) Calculations of the sensitivity of measured results to errors in 
test rig inherent stiffness, damping, and mass, and evaluation of 
the possible need for statistical controls of experimencal data. 



3. The elastomer mounting arrangements should be modified to permit com- 
pression testing of specimens with larger length-to-diameter ratios and 
to eliminate the possibility of nonaxial motions during high-frequency 
resonance test conditions in which the guided, external res:nance mass 
is not used. 


4. Tests on elastomers which are relatively insensitive to temperature 
changes should be performed under carefully controlled test tempera- 
ture conditions to yield high-confidence, elastomer uniaxial dynamic 
properties . 

5# Elastomer uniaxial dynamic properties should be used to develop, 
practical, designer-oriented prediction techniques for more general 
dynamic loading conditions. Such techniques should be verified through 
tests. 

P 
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6. Catalogs of viscoelastic model constants should be prepared for commonly— jl 

used elastomers. It may prove beneficial, further, to reduce the number * 

of groups of material constants. which- must be cataloged through develop- p 

ment of functional relationships with operating parameters or through *- 

corresponding increases in the number of material constants. ,, 
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APPENDIX I 

CALCULATION OF AIR CYLINDER STIFFNESS 

For an air cylinder of area A and height L, the air volume is V - AL and the 
force on the piston is 

F - p A - 


where p is the air pressure (gage). 

When the piston is moved in the direction to further compress the air, the pres- 
sure inside the cylinder will increase. Consequently, the force F will also in- 
crease. This increment of force corresponds to a stiffness of the air cylinder. 

If the air inside the cylinder is assumed to be at a constant temperature, then 
from thermodynamics: 


p V * constant 


Differentiation yields: 


pdV + Vdp - 0 


dp “ ~ydv * - £ d L 


From Eqs. (36) and (37), 


d f ■ A d p 


- a_b. 


By definition, the air cylinder aciifness is the force increment per unit decrement 
of air cylinder height. Thus, 


k * ~rr - 

air -d L L 





SYMBOLS 


a l* a 2’ ®3 

elastomeric constants 

a ll’ a 12* a 21* a 22 

defined in Eq . (13) 

A 1 

acceleration of shake table, in. /sec 2 

A 2 

acceleration of resonant mass, in. /sec 2 

A f 

acceleratic n of foundation, in. /sec 2 

C 

damping coefficient, lb-sec/in. 

C 

e 

elastomer damping coefficient, lb-sec/in 

C 1 

e 

C + C, 
e i 

d l > d 2 

defined in Eq . (13) 

f 

frequency, Hz 

F 

force, lb 

G 

complex compliance function, in. /lb 

G r g 2 

real and imaginary parts of G, in. /lb 

k 

stiffness, lb/in. 

k 

e 

elastomer stiffness, lb/in. 

k' 

k + k. 

e 

e i 

m 

2 

mass, lb-sec /in. 

X 

displacement, in. 

x i 

displacement of shake table, in. 

X 2 

displacement of resonant mass, in. 

X f 

displacement of foundation, in. 


amplitude of displacement x, in. 
time, sec 

elastomer mechanical impedence » k + i wc 

e e 

€ displacement, in. 
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X 

t 

z 



phase angle, radians 
frequency, radians/sec 


Superscripts 


denotes amplitude of ( ) 
denotes time-derivative of ( ) 


Subscripts 


shake table 


resonant mass 


elastomer specimen 
shaker body 
lower air cylinder 
upper air cylinder 


r k 

tie 
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Schematic of Data Acquisition System for Analytical and 
Experimental Investigations of Elastomeric Damping Materials 







Scanner 

Channel 

(1) 

Phase Angle 
(Channel 
3 Ref.) 
(2) 

Amp 1 itude 
S ignal 
(3) 

Signal 

Ident if icat ion 
(*> 

3 

000000 0000. 8 0° 

0 0 2 3 1 

Mass amplitude 

2 

000000 0169.10° 

0 13 2 0 

Table amplitude 

1 

000000 0020. 0 0° 

200 Hz 
(5) 

0 16 9 5 

(X 2 - xp 


NOTES: (1) Printout occurred in 1-2-3 sequence. 

(2) Phase angle was measured with Channel 3 (mass amplitude signal) 
as reference. The first reading of 0.8° indicates inherent 
instrument inaccuracy. Readings of tenths of degrees were ignored 
for data evaluation. The second reading of 169.1° is the desired 
phase angle between mass and table amplitude signals. The third 
reading from the top (scanner channel 1) is of no interest here, 
since it indicates the angle between signals (X^ “ X^ ) and the 
mass amplitude signal. 

(3) Individual calibration factors apply. 

(4) Hass amplitude and table amplitude signals were either accelerometer 
or displacement probe signals as noted at beginning of test. 

(5) Shake table frequency was recorded by hand for each data point. 
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Fig. 8 Data Printout Sample 




KTI-IUM 




Data Acquisition Instrumentation m-i-nzsx 












o 

- 

l7j- ■ 
cc 



^ — w~ 

/ 7 



8 S 

— iu 


01/ Nl g.OI-'O 


N/Hg.01- *9 




Fig* 13 Real Part of Complex Compliance Function Versus Frequency for 
Urethane Sample Under Shear Loading at Peak- uo- Peak Amplitude 
of 0.001 in. (0.025 mm) 





Fig. 14 Imaginary Part of Complex Compliance Function Versus Frequency 

for Urethane Sample Under Shear Loading at Peak-to-Peak Amplitude 
of 0.001 in (0.025 mm) 








Fig. 15 Real Part of Complex Compliance Function Versus Frequency for 

Urethane Sample Under Shear Loading at Peak-to-Peak Amplitude of 
0.0015 in. (0.038 mm) 






FREQUENCY-KZ 









Fig, 17 Real Part of Complex Compliance Function Versus Frequency for 

Neoprene Sample Under Shear Loading at Peak-to-Peak Amplitude of 
0.001 in, (0.025 mm) 
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Fig* 18 Imaginary Part of Complex Compliance Function Versus Frequency 

for Neoprene Sample Under Shear Loading at Peak-to-Peak Amplitude 
of 0.C01 in. (0.025 mm) 
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Fig, 19 Real Part zZ Complex Compliance Function Versus Frequency for 

Necprene Sample Under Shear Loading at Peak-to-Peak Amplitude of 
0,003 in, (0.076 mm) 
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Fig. 20 Imaginary Part of Complex Compliance Function Versus Frequency 

for Neoprene Sample Uider Shear Loading at Peak-to-Peak Amplitude 
of 0.003 in (0.076 mm) 
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Fig. 22 Imaginary Part of Complex Compliance Function Versus Frequency for 
Neoprene Sample Under Compression Loading at Peak-to-Peak Amplitude 
of 0.001 in. (0.025 mm) 
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Fig. 24 Imaginary Fart of Complex Compliance Function Versus Frequency for 
Neoprene Sample Under Compression Loading at Peak-to-Peak Amplitude 
of 0.0015 in. (0.038 mm) 





Fig. 25 Qualitative Sketches of and According to Equation (32) 
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Fig. 27 Comparison of the Correlated and Measured G~ Functions for 
Urethane Sample Under Shear Loading at 0,001 in. (0.025 aim) 
Amplitude and No Preload 
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Fig, 28 Comparison of the Correlated and Measured G Functions for 
Urethane Sample Under Shear Loading at O.OOi in, (0,025 im) 
Amplitude and 5% Preload 
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Fig. 29 Comparison of thf. Correlated and Measured G„ Functions for 
Urethane Sample Tender Shear Loading at 0.001 in, (0.025 mm) 
Amplitude and 5 /« Preload 
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Fig. 30 Comparison of the Correlated and Measured G . Functions for 
Urethane Sample Under Shear Loading at O.OOl in. (0.025 mm) 
Amplitude and 107* Preload 
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Fig* 31 Comparison of the Correlated and Measured G« Functions for 
Urethane Sample Under Shear Loading at 0*001 in. (0.025 mm) 
Amplitude and 10% Preload 
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Fig. 32 Comparison of the Correlated and Measured G. Functions for 
Neoprene Sample Under Shear Loading at 0.001 in. (0.025 mm) 
Amplitude and No Preload 
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Fig. 33 Comparison of the Correlated and Measured Functions for 
Neoprene Sample Under Shear Loading at O.OOl in. (0,025 mm) 
Amplitude and No Preload 
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Fig, 38 Comparison of the Correlated and Measured G. Functions for 

Neoprene Sample Under Compression Loading at 0.001 in, (0.025 mm) 
Amplitude and No Preload 
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Fig. 40 Comparison of the Correlated and Measured G- Functions for 

Neoprene Sample Under Compression Loading at 0.001 in. (0.025 mm) 
Amplitude and 57. Preload 













Fig, 43 Comparison of the Correlated and Measured G- Functions for Neoprene 
Sample Under Compression Loading at 0,0015 In. (0,038 mm) Amplitude 
and No Preload 






